Abstract: Here, we strictly closed the loopholes by observing a 12 h continuous violation of the Bell inequality and concluded that the lower bound speed of spooky action was 4 orders of magnitude of the speed of light.
Introduction
In order to test the speed of spooky action at a distance [1] , Eberhard proposed [2] a 12-h continuous space-like Bell inequality [3, 4] measurement over a long east-west oriented distance. Benefiting from Earths self-rotation, the measurement would be ergodic over all possible translation frames and, as a result, the bound of the speed would be universal [2, 5] . Salart et al. [5] recently reported to have achieved the lower bound of spooky action through an experiment using Eberhards proposal. In that experiment, time-bin entangled photon pairs were distributed over two sites, both equipped with a Franson-type interferometer to analyze the photon pairs. At one site, the phase of the interferometer was kept stable and the phase of the interferometer at the other site was continuously scanned. An interference fringe visibility of 87.6% was achieved, which was high enough for a violation of the CHSH-Bell inequality. However, any bipartite Bell test requires at least two settings at each site because if there was only one setting, one could always achieve the same interference fringe with a product state without any entanglement. Moreover, as pointed out by Kofler et al. [6] , even if the phase of the first site had a second setting, the experiment still had locality loophole, because the setting choice on one site could not be space-like separated from either the measurement events at the other site or the entanglement source generation event. Because of these loopholes, the experiment could be explained by common causes [6] instead of spooky action. Actually, similar loopholes existed in all previous attempts for the speed measurement of spooky action.
Here, we distributed entangled photon pairs over two sites that were 15.3-km apart via a free-space optical link, and implemented a space-like Bell test [3, 4] to close the locality loophole. Meanwhile, we utilized fast electro-optic modulators (EOMs) to address the freedom-of-choice loophole. As almost all the photonic Bell experiments, we utilized the fair sampling assumption to address the detection loophole.
Experimental setup
Our two sites are east-west oriented sites at the same latitude as Eberhard proposed [2] . At the sending site, we generated polarization entangled photon pairs via type II spontaneous parametric down-conversion (SPDC) in a periodically poled KTiOPO4 (PPKTP) crystal. The distributed entangled photons were collected by receiving telescopes and delivered to polarization analyzing units at both receiving sites. In each of the unit [ Fig. 1(c) ], a random number controlled EOM combined with a PBS was applied to actively choose the measuring base of the Bell inequality. The outputs of the PBS were coupled into two multimode fibers through an aspherical lens, and thereafter detected by the singlephoton counting modules (SPCMs), respectively. The detection signals from SPCMs were encoded with the controlled signals applied in EOMs as the output ones.
In order to be ergodic in all possible inertial reference frames, a continuous 12-h Bell inequality measurement was necessary. However, the shaking of the whole system and the atmosphere turbulence influenced the telescope optical link. In previous experiments, the free-space optical link would lose after at most 10-min continuous measurement, which was definitely not long enough for our experiment. Therefore, we developed laser assisted free-space tracking techniques as shown in Fig. 1(a) . In order to satisfy the space-like criteria, we needed to strictly time tag all the events during the measurement. In the experiment, we utilized laser synchronization technology. Furthermore, we closed both locality and the freedom-of-choice loopholes in our experiment. As space-like separation was invariant under Lorentz transformation, the loopholes were closed in all inertial reference frames. 
Result and conclusion
we experimentally achieved the lower bound of the spooky action speed by distributing polarization entangled photon pairs over two exactly east-west oriented sites and observed a 12-h continuous space-like Bell inequality violation. we concluded that the lower bound speed of spooky action was 4 orders of magnitude of the speed of light if Earth's speed in any inertial reference frame was less than 10 −3 time the speed of light. It should be noted that, with only two parties one may always hold the opinion that a real fast enough spooky action could explain quantum correlations violating Bell inequality without leading to superluminal communication.
The developed fast time tagging, long-distance laser tracking, and synchronizing technology in the experiment can also find immediate applications in satellite-Earth quantum communication, multiparty quantum communication , and tests of the space-like GHZ theorem.
